Abstract. Esculetin, a coumarin derivative isolated from a variety of medicinal herbs, has been reported to possess multiple therapeutic and pharmacological actions. Although several studies have demonstrated the antioxidant activity of esculetin, its mechanisms of action have not been clearly established. The aim of this study was to evaluate the effects of esculetin against hydrogen peroxide (H 2 O 2 )-induced oxidative stress in C2C12 myoblasts and to investigate the mechanisms involved in this process. Our data indicated that esculetin preconditioning significantly attenuated H 2 O 2 -induced growth inhibition and DNA damage and the apoptosis of C2C12 cells by suppressing intracellular reactive oxygen species (ROS) accumulation. Treatment with esculetin effectively increased the phosphorylation of nuclear factor erythroid 2-related factor 2 (Nrf2) and the expression of NAD(P)H:quinone oxidoreductase 1 (NQO1). Esculetin treatment also activated extracellular signal-regulated kinase (ERK), and pre-treatment with PD98059, an ERK-specific inhibitor, blocked esculetin-mediated phosphorylation of Nrf2 and the induction of NQO1 expression. In addition, the protective effects of esculetin against H 2 O 2 -induced ROS accumulation, apoptosis and growth inhibition were abrogated in the C2C12 cells pre-treated with PD98059. Thus, the present study demonstrates that esculetin protects C2C12 cells against oxidative stress-induced injury, possibly through the activation of the Nrf2/NQO1 pathway.
Introduction
It is well known that oxidative stress occurs as a result of excessive reactive oxygen species (ROS), such as singlet oxygen, superoxide anions, and hydrogen peroxide (H 2 O 2 ). These ROS cause irreversible damage to cellular components, including lipids, proteins, DNA, and other macromolecules, which has been linked to cell death (1, 2) . ROS are also known to contribute to various pathological conditions, including cancer; inflammatory, neurodegenerative and cardiovascular diseases; and aging (3) (4) (5) . Therefore, the human body has various defense systems against oxidative stress that are surpassed in extensive damage (6, 7) . These mechanisms use antioxidant enzymes or antioxidant compounds. Among these systems, the nuclear transcription factor erythroid 2-related factor 2 (Nrf2) signaling pathway has recently attracted interest as a candidate for protection from oxidative damage as it is involved in cellular antioxidant defenses (8, 9) . Nrf2 is an essential transcription factor that regulates a number of detoxifying and antioxidant defense genes by binding to antioxidant responsive elements (AREs) (10, 11) . Under quiescent conditions, Nrf2-dependent transcription is suppressed by the negative regulator Kelch-like ECH-associated protein 1 (Keap1), which facilitates the degradation of Nrf2 through ubiquitinated proteasomal degradation (12, 13) . Upon stimulation, Nrf2 escapes Keap1-mediated repression, translocates into the nucleus, and subsequently binds to AREs present in the promoter regions of an array of genes, including heme oxygenase-1 (HO-1) and NAD(P)H:quinone oxidoreductase 1 (NQO1), involved in cellular antioxidant defense (14, 15) . HO-1 can catalyze the degradation of heme, resulting in the formation of the antioxidant bilirubin when biliverdin reductase is present (16, 17) . NQO1, a cytosolic flavoprotein, facilitates the detoxification and excretion of endogenous and exogenous chemicals via a reduction reaction that converts quinones to hydroquinones, limiting the subsequent generation of ROS (18, 19) .
Esculetin (6,7-dihydroxycoumarin) is a phenolic compound and derivative of coumarin (20, 21) . This compound is found in many plants, such as Artemisia capillaris, Ceratostigma willmottianum and Citrus limonia that have been used in traditional Oriental herbal medicine for many decades (22, 23) . Esculetin has been reported to have diverse pharmacological actions, including anti-neurotoxicity (24, 25) , anti-angiogenesis (26), anti-inflammatory (27, 28) , and antitumor activities (29) (30) (31) (32) . More recently, esculetin has been shown to have beneficial effects on cellular oxidative stress (33) (34) (35) . However, the inhibitory mechanisms of esculetin vis-à-vis the beneficial effect of esculetin against oxidative stress have not been fully studied to date. Therefore, in the present study, we evaluated the protective effects of esculetin on H 2 O 2 -induced oxidative stress and whether esculetin can activate Nrf2 signaling in mouse-derived C2C12 myoblasts.
Materials and methods
Reagents and antibodies. Esculetin (6,7-dihydroxycoumarin) was purchased from Sigma Chemical Co. (St. Louis, MO, USA), dissolved in dimethyl sulfoxide (DMSO, vehicle), and adjusted to final concentrations using complete culture medium. The final DMSO concentration was <0.1% in all experiments. Dulbecco's modified Eagle's medium (DMEM), fetal bovine serum (FBS), and other tissue culture reagents were obtained from WelGENE Inc. (Daegu, Korea).
, propidium iodide (PI) and zinc protoporphyrin IX (ZnPP) were also purchased from Sigma Chemical Co. PD98059, an ERK inhibitor, was purchased f rom Ca lbiochem, I nc. (Sa n Diego, CA, USA). 2',7'-Dichlorof luorescein diacetate (DCFDA) and an Annexin V-fluorescein isothiocyanate (FITC) apoptosis detection kit were purchased from Molecular Probes, Inc. (Eugene, OR, USA) and R&D Systems Inc. (Minneapolis, MN, USA), respectively. Primary antibodies (Table I) Cell culture and viability assay. C2C12 myoblasts obtained from the American Type Culture Collection (Manassas, VA, USA) were cultured in DMEM supplemented with 10% heat-inactivated FBS and 100 µg/ml of penicillin/streptomycin antibiotics in a humidified atmosphere containing 5% CO 2 and 95% air at 37˚C. The cells were pre-treated with various concentrations (0-5 µM) of esculetin for 1 h and then incubated with or without 1 mM H 2 O 2 for 6 h in the absence or presence of 5 mM NAC or 50 µM PD98059. To measure cell viability, the cells were maintained with MTT at a final concentration of 0.5 mg/ml for 3 h, and the formazan that formed was dissolved in DMSO. Optical density was measured at 540 nm using an enzyme-linked immunosorbent assay (ELISA) plate reader (Dynatech MR-7000; Dynatech Laboratories, Chantilly, VA, USA). The optical density of the formazan formed in the control (untreated) cells was used to represent 100% viability (36) .
Measurement of ROS generation.
To measure ROS levels, the cells were washed twice with phosphate-buffered saline (PBS) and lysed with 1% Triton X-100 in PBS for 10 min at 37˚C. The cells were pre-treated with 5 µM esculetin for 1 h and then incubated with or without 1 mM H 2 O 2 for 6 h in the absence or presence of 5 mM NAC or 50 µM PD98059. The cells were then stained with 10 µM DCFDA for 20 min at room temperature in the dark. The green fluorescence of DCF was recorded at 515 nm using a flow cytometer, and 10,000 events were counted per sample. The results are expressed as the percentage of increase relative to the non-treated cells.
Comet assay (single-cell gel electrophoresis assay).
A comet assay was performed to detect DNA migrating from single cells in the gel, following a previously described method (37) . Briefly, the cells were exposed to 1 mM H 2 O 2 for 6 h in the presence and absence of 5 µM esculetin for 1 h. The cells were suspended in 1% low melting point agarose and aliquoted onto glass microscope slides. The slides were placed in single rows and electrophoresed at 30 V (1 V/cm) and 300 mA for 20 min to draw negatively charged DNA toward the anode. Finally, the slides were washed with 0.4 M Tris (pH 7.5) at 4˚C and stained with 20 µg/ml PI. The slides were examined under a fluorescence microscope (Carl Zeiss AG, Oberkochen, Germany), and the resulting images were analyzed.
Western blot analysis. The cells were pre-treated with 5 µM esculetin for 1 h and then incubated with or without 1 mM H 2 O 2 for 6 h, or pre-treated with or without 50 µM PD98059 for 1 h and then treated with 5 µM esculetin for 4 h. The cells were harvested, washed with PBS, and lysed on ice for 30 min in lysis buffer (20 mM sucrose, 1 mM ethylenediaminetetraacetic acid, 20 µM Tris-HCl, pH 7.2, 1 mM dithiothreitol, 10 mM KCl, 1.5 mM MgCl 2 , and 5 µg/ml aprotinin). Subsequently, an equal amount of protein for each sample was separated by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride membranes (Schleicher & Schuell, Inc., Keene, NH, USA). The membranes were blocked with 5% skim milk and then incubated overnight at 4˚C with desired primary antibodies. The membranes were further incubated with corresponding HRP-conjugated secondary antibodies for 2 h at room temperature. The proteins of interest were visualized using an ECL detection system.
Detection of nuclear morphological changes.
The cells were pre-treated with 5 µM esculetin for 1 h and then incubated with or without 1 mM H 2 O 2 for 6 h. The detection of chromatin condensation and nuclear fragmentation in the nuclei of apoptotic cells was performed using DAPI staining. The cells were harvested, washed with PBS twice, and fixed with 3.7% paraformaldehyde in PBS for 10 min at 25˚C. The fixed cells were washed with PBS and stained with 1 mg/ml DAPI solution for 10 min. The cells were then washed twice with PBS and observed under a fluorescence microscope (38) .
Flow cytometric detection of apoptosis.
The cells were pre-treated for 1 h with the indicated concentrations of esculetin and then incubated for 6 h with or without 1 mM H 2 O 2 in the absence or presence of 50 µM PD98059. The rate of apoptosis was determined using an Annexin V-FITC apoptosis detection kit. After treatment with the agents, the cells in each sample were stained with Annexin V-FITC and PI in accordance with the manufacturer's instructions. After a 15-min incubation at room temperature in the dark, the degree of apoptosis was quantified as a percentage of the Annexin V-positive and PI-negative (Annexin V + /PI -cells) cells using a flow cytometer (Becton Dickinson, San Jose, CA, USA) (39) . Statistical analysis. Unless specified otherwise, data are expressed as the means ± standard deviation (SD) of at least three independent experiments. A one-way analysis of variance (SPSS version 12.0 software) and a Scheffe's test were used to determine the significance of differences between groups. P<0.05 was considered to indicate a statistically significant difference.
Results

Effects of esculetin on H 2 O 2 -induced cytotoxicity in C2C12 cells.
To determine the protective effects of esculetin against H 2 O 2 -induced cytotoxicity, C2C12 cells were pre-treated with various concentrations of esculetin (1.25-5 µM) for 1 h and then exposed to H 2 O 2 (1 mM) for a further 6 h. The concentrations of esculetin that did not have any measurable adverse effects on the cells were selected (data not shown). As shown in Fig. 1A , exposure to H 2 O 2 alone significantly reduced cell viability (more than 60%) when measured using the MTT assay, whereas the H 2 O 2 -induced reduction in cell viability was prevented by pre-treatment with esculetin The results of the flow cytometric analysis using DCFDA as a fluorescence probe demonstrated that the intensity of the DCF-liberated fluorescent signal from the H 2 O 2 -exposed cells was significantly increased; however, the signal was markedly reduced in the presence of 5 µM esculetin (Fig. 2) . As a positive control, the ROS scavenger NAC at 5 mM also markedly attenuated H 2 O 2 -induced ROS generation, indicating that esculetin scavenged H 2 O 2 -induced ROS accumulation.
Esculetin protects C2C12 cells from H 2 O 2 -induced DNA damage.
We then examined the effects of esculetin on H 2 O 2 -mediated DNA damage in C2C12 cells. Fig. 3A shows the results of the comet assay performed to evaluate the protective effect of esculetin against H 2 O 2 -induced DNA damage. Exposure to To detect cellular DNA damage, the comet assay was performed, and representative images of the comets were taken using a fluorescence microscope (x200 original magnification).
(B) The cells were lysed and then equal amounts of cell lysates (30 µg) were separated on SDS-polyacrylamide gels and transferred to membranes. The membranes were probed with specific antibodies against p-γH2AX, γH2AX, and actin as an internal control, and the proteins were visualized using an ECL detection system. H 2 O 2 , hydrogen peroxide; SDS, sodium dodecyl sulfate; ECL, enhanced chemiluminescence. H 2 O 2 leads to the loss of membrane integrity; therefore, the fragmented DNA appeared outside the cell as comet-like structures; however, this adverse effect was markedly inhibited by esculetin. In addition, treatment of the C2C12 cells with H 2 O 2 upregulated the level of the phosphorylated histone variant H2AX at serine 139 (p-γH2AX), a sensitive marker of DNA double-strand breaks (40) (Fig. 3B) . However, pre-treatment with esculetin significantly decreased H 2 O 2 -induced p-γH2AX expression.
Inhibition of the H 2 O 2 -induced apoptosis of C2C12 cells by esculetin.
To evaluate the potential effect of esculetin on H 2 O 2 -induced C2C12 cell apoptosis, we examined apoptotic features by measuring chromatin condensation in the nuclei, poly(ADP ribose) polymerase (PARP) cleavage, and Annexin V-positive cells. DAPI staining revealed increased nuclei with chromatin condensation and the formation of apoptotic bodies, characteristic morphological changes of apoptosis, in cells cultured with 1 mM H 2 O 2 . However, the control and esculetin (5 µM)-treated groups showed few apoptotic cells, and pre-treatment of the cells with esculetin significantly abrogated the H 2 O 2 -induced apoptotic characteristics (Fig. 4A) . The results of western blot analysis also indicated a marked increase in the level of cleaved PARP, an apoptotic marker protein, in the H 2 O 2 -treated cells compared with the control group, and treatment with esculetin significantly decreased the levels of cleaved PARP (Fig. 4B) . Furthermore, the results of flow cytometric analysis revealed an increase in the percentage of Annexin-positive C2C12 cells exposed to H 2 O 2 compared with the cells in the control group. By contrast, treatment of the cells with esculetin prior to exposure to H 2 O 2 strongly protected the C2C12 cells against apoptosis in a concentration-dependent manner (Fig. 4C) . These results clearly indicated that esculetin inhibited H 2 O 2 -induced apoptotic signaling in the H 2 O 2 -exposed C2C12 cells.
Induction of Nrf2 and NQO1 expression by esculetin in C2C12 cells.
To determine whether the protective effects of esculetin against H 2 O 2 -induced oxidative stress and apoptosis result from the induction of the expression of antioxidant genes, such as HO-1 and NQO1, and their transcription factor Nrf2, western blot analysis was performed. As shown in Fig. 5 , the esculetin-treated cells exhibited a significant increase in the protein levels of NQO1 compared to these levels in the control group; however, no changes were observed in the levels of HO-1. Furthermore, esculetin enhanced the phosphorylated levels of endogenous Nrf2 in a time-dependent manner without affecting their total steady-state levels and obtained greatest induction at 5 µM after 4 h. By contrast, esculetin reduced the levels of Keap1 under the same conditions.
Phosphorylation of Nrf2 by esculetin through the activation of extracellular signal-regulated kinase (ERK) in C2C12 cells.
To investigate whether Nrf2 phosphorylation by esculetin in C2C12 cells is affected by the activation of MAPKs as upstream signaling mediators, we assessed the phosphorylated forms of ERK, JNK and p38 MAPK. As shown in Fig. 6A , although the total protein levels of ERK did not show notable changes, esculetin markedly increased the phosphorylation of ERK within 1 h of treatment, while the phosphorylation levels of JNK and p38 MAPK remained Figure 5 . Effects of esculetin on the expression of Nrf2, Keap1, HO-1, and NQO1 in C2C12 cells. The cells were incubated with 5 µM esculetin for the indicated time periods. Cellular proteins were separated on SDS-polyacrylamide gels and then transferred onto membranes. The membranes were probed with specific antibodies against Nrf2, p-Nrf2, Keap1, HO-1, and NQO1. Proteins were visualized using an ECL detection system. Actin was used as an internal control. Nrf2, nuclear factor erythroid 2-related factor 2; Keap1, Kelch-like ECH-associated protein 1; HO-1, heme oxygenase-1; NQO1, NAD(P)H:quinone oxidoreductase 1; SDS, sodium dodecyl sulfate; ECL, enhanced chemiluminescence. Figure 6 . Involvement of the ERK signaling pathway in the phosphorylation of Nrf2 and induction of NQO1 by esculetin in C2C12 cells. Cells were treated with 5 µM esculetin for the indicated times (A) or pre-treated for 1 h without or with 50 µM PD98059, an ERK inhibitor, and then treated with 5 µM esculetin for an additional 4 h (B). The cells were lysed, and then equal amounts of cell lysates were separated on SDS-polyacrylamide gels and transferred to nitrocellulose membranes. The membranes were probed with the indicated antibodies, and the proteins were visualized using an ECL detection system. Actin was used as an internal control. ERK, extracellular signal-regulated kinase; Nrf2, nuclear factor erythroid 2-related factor 2; NQO1, NAD(P) H:quinone oxidoreductase 1; ECL, enhanced chemiluminescence.
unaltered. The dependence of the phosphorylation of Nrf2 challenged with esculetin upon the activation of ERK was confirmed using a specific inhibitor of ERK, PD98059. For this experiment, the C2C12 cells were pre-treated with 50 µM PD98059 for 1 h and then treated with esculetin for 4 h. We found that treatment with PD98059 effectively reduced the esculetin-induced phosphorylation of Nrf2, with a resulting decrease in the expression of NQO1 (Fig. 6B) . In addition, co-pre-treatment with PD98059 and esculetin prior to exposure to H 2 O 2 markedly abrogated the protective effects of esculetin against H 2 O 2 -induced ROS generation and apoptosis as well as growth reduction (Fig. 7) .
Discussion
Many recent studies have reported that natural compounds have broad protective effects against oxidative stress. Moreover, the removal of excess ROS or the suppression of their generation by antioxidants may be effective in preventing oxidative DNA damage and cell death (6, 7) . In this study, esculetin showed intracellular ROS scavenging activities and provided cytoprotection against oxidative stress in C2C12 cells (Figs. 1 and 2 ), suggesting that it may be involved in the activation of antioxidant enzymes. Our data also demonstrated that esculetin effectively protected C2C12 cells from H 2 O 2 -mediated DNA damage and apoptosis (Figs. 3 and 4) . Accumulating evidence indicates that the transcription factor Nrf2 may serve as a critical regulator of the cellular antioxidant response to protect against oxidative stress-induced DNA damage and apoptosis (9, 10) . When stimulated by inducers, Nrf2 is released from Keap1, leading to phosphorylation of Nrf2, which is a critical process in the nuclear translocation of Nrf2 (41) (42) (43) . In the nucleus, Nrf2 dimerizes with other cofactors and binds AREs to induce detoxification enzymes and antioxidant proteins in response to a number of stimuli, including oxidative stress (11, 15) . Therefore, we selected phase-2 antioxidative enzymes such as HO-1 and NQO1 and ascertained whether they would be regulated via the Nrf2 signaling pathway in H 2 O 2 -induced C2C12 cell damage and esculetin-mediated cytoprotection. The results demonstrated that esculetin induced the phosphorylation of Nrf2 and the expression of NQO1 but not HO-1, along with the downregulation of Keap1 expression (Fig. 5) , which is consistent with a previous study (24) . These results indicate that esculetin may stimulate Nrf2 activation by enhancing Nrf2 phosphorylation and reducing Keap1 at the same time, in other words by increasing the ratio of Nrf2/Keap1.
Several reports have suggested that the MAPK signaling pathway is a central regulatory pathway for Nrf2 phosphorylation and nuclear translocation associated with inducible expression of antioxidant enzymes (42, 43) . To further identify the signaling pathways affected by esculetin that enhance Nrf2 phosphorylation and NQO1 expression, we investigated the effects of esculetin on three MAPK cascades. Immunoblotting data indicated that phosphorylation of ERK occurred at 30 min after esculetin treatment and was sustained for up to 120 min, while JNK and ERK were not affected (Fig. 6A) . Moreover, esculetin induced the phosphorylation of Nrf2 and NQO1 expression was markedly suppressed by PD98059, a specific inhibitor of ERK (Fig. 6B ). These observations suggest that ERK appears to play a major role and upregulated Nrf2 phosphorylation in the induction of downstream NQO1 expression in esculetin-treated C2C12 cells. In parallel with these observations, we also found that blockage of ERK activation with PD98059 markedly abrogated the protective effects of esculetin against H 2 O 2 -induced ROS generation, apoptosis, and inhibition of the growth of the C2C12 cells (Fig. 7) . The data provide positive evidence that the ERK signaling pathway is involved in the esculetin-mediated activation of Nrf2 and upregulation of NQO1; therefore, regulation of the Nrf2/NQO1 pathway can reduce H 2 O 2 -induced oxidative damage in C2C12 cells.
Taken together, the present results demonstrated that esculetin exhibits potent cytoprotective effects against cell toxicity resulting from exposure to H 2 O 2 via scavenging ROS. Moreover, the phosphorylation of Nrf2 and upregulation of NQO1 via ERK signaling are critical for protection against H 2 O 2 -induced oxidative stress. Although further research and clinical trials are needed to further elucidate the molecular mechanisms detected herein, the findings of our study suggest that esculetin has potential therapeutic value as an antioxidant agent. Korea (NRF) grant funded by the Korea government (nos. 2015R1A2A1A10051603 and 2015R1A2A2A01004633).
